Balanced carrier transport in organic solar cells employing embedded indium-tin-oxide nanoelectrodes
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In this paper, we present evidence of balanced electron and hole transport in polymer-fullerene based solar cells by means of embedded indium-tin-oxide nanoelectrodes. Enabled by a controllable electrochemical deposition, the individual nanoelectrodes are uniformly enclosed by a poly͑3,4-ethylenedioxythiophene͒ hole-conducting layer, allowing a relatively short route for holes to reach the anode and hence increasing the effective hole mobility. Consequently, the power conversion efficiency and photogenerated current are maximized with a deposition condition of 50 C, where the ratio of the electron to hole mobility is nearly unity. © 2011 American Institute of Physics. ͓doi:10.1063/1.3556565͔
Since solution-processed bulk-heterojunction ͑BHJ͒ solar cells were reported for organic photovoltaics ͑OPVs͒ in the mid-1990s, 1 such systems have been a popular subject of intense research. Owing to the random blends of donorlike conjugated polymers and acceptorlike fullerene molecules, strongly disordered interfaces inside the mix and hopping processes between chain segments of the conjugated polymer result in an insulatorlike behavior for organic photoactive materials. 2 Consequently, ineffective carrier conduction becomes one of the limiting factors of power conversion efficiency ͑PCE͒. Particularly, if charge transport inside the light absorbing materials is severely unbalanced, as discovered in the mixture of regioregular poly͑3-hexylthiophene͒ ͑P3HT͒ and ͓6,6͔-phenyl-C60-butyric acid methyl ester ͑PCBM͒, the low mobility of holes could cause charge accumulation near the anode, leading to a space charge limit current ͑SCLC͒.
3
In order to restrain the build-up space charges, major research efforts have been concentrated on adjusting the blend ratio, annealing conditions, and so on to achieve balanced carrier mobilities, 4-6 which may limit the material selection in OPVs. Although recent advances in nanofabrication technologies have permitted the formation of bicontinuous and interdigitated networks, no clear evidence has been demonstrated as to the improvement of carrier conduction. 7 In this work, we present an alternative to balance charge transport by means of buried electrodes made of indium-tin-oxide ͑ITO͒ nanorods. 8, 9 The free-standing nanoelectrodes ͑NEs͒ are protruded into organic active materials, offering threedimensional ͑3D͒ collection pathways for low mobility holes. Further enabled by a controllable electrochemical deposition ͑ECD͒ of a hole conducting layer ͑HCL͒ wrapping around individual NEs, we show evidence of balanced electron and hole transport in polymer-fullerene based solar cells.
The randomly-oriented nanorods were deposited on 260-nm-thick ITO-coated glass substrates using oblique electron-beam evaporation in an oxygen deficient environment. The rod formation involved a two-step process known as nucleation and column growth via surface diffusion, assisted by the introduced nitrogen. We have found that the obliquely incident vapor reduces the flux density of molecules on the surface, which facilitates the separation and formation of nuclei. Moreover, the oxygen deficiency allows the segregation of tin-doped indium to form a liquid surface that promotes the absorption of incident vapors, resulting in vertical column growth. 10 To function properly as embedded NEs in OPV devices, a uniform coating of a HCL enclosing the nanostructures is essential in order to effectively block electrons. Our previous work employed the conventional spin-casting of poly-͑3,4-thylenedioxythiophene͒: poly͑styrenesulfonate͒ ͑PEDOT:PSS͒, which exhibited poor adhesion to the NEs and slightly increased the leakage current. 10 On the other hand, the excellent conductivity of ITO NEs suggested the feasibility of a HCL via ECD. 10 The ECD process used to gradually polymerize the EDOT onto the ITO NEs is chemically scalable and controllable, and thus is relatively cost effective and also roll-to-roll compatible. Here, a triple-terminal electrochemical cell that comprised a counter, reference, and working electrode was employed with selected charge quantity settings at an applied voltage of 1.1 V. The ECD process resulted in PEDOT coatings of various thicknesses that uniformly wrapped around the 3D NEs. Figures 1͑a͒-1͑f͒ show the surface morphologies of PEDOT deposited with a charge quantity setting of 0 C, 25 C, 50 C, 250 C, 500 C on the NEs, and on a conventional 260-nm-thick ITO film at 500 C, respectively. As shown in Fig. 1͑a͒ , the bare free-standing NEs are about 30 nm thick and 150 nm long with an estimated density of 2 ϫ 10 10 cm −2 . The spacing between NEs is on the order of a few tens to over a hundred nanometers, which is sufficient for the penetration of active materials without altering the organization of BHJ morphology. 11 With a charge a͒ Author to whom correspondence should be addressed. setting of 25 C, the deposited PEDOT layer is barely detectable ͓Fig. 1͑b͔͒. Increasing the charge setting to 50 C gives rise to slightly thicker NEs ͓Fig. 1͑c͔͒. The deposition condition also leads to a strong electric field near the tips of NEs, resulting in a thicker PEDOT on the top than the bottom. 12 The vertical distribution of EDOT polymerization rates becomes rather discernible with large charge quantities. As seen in Figs. 1͑d͒ and 1͑e͒ , the growth of PEDOT on the tips of NEs exceeds that on the bottom and hence forms cross-linked networks at the deposition conditions of 250 C and 500 C, respectively. For comparison, the deposition of PEDOT on a conventional ITO film electrode at 500 C is shown in Fig. 1͑f͒ , which reveals a relatively dense porous structure. The coated PEDOT is ϳ25 nm thick.
Figures 2͑a͒-2͑f͒ show the atomic force microscopic ͑AFM͒ analysis and an estimated surface roughness for structures seen in Figs. 1͑a͒-1͑f͒ , respectively. The morphologies of NEs shown in Fig. 2 do not resemble those in Fig. 1 which are mainly limited by the AFM tip dimension. Nevertheless, the surface analysis provides a qualitative assessment of morphology variations in ITO NEs at different deposition conditions. As seen in Figs. 2͑b͒-2͑e͒ , the surface roughness first increases at the beginning of deposition and then decreases with the increased charge settings due to a gradual planarization of the excess PEDOT. However, the surface morphology with the ITO NEs is still much rougher than that with the film electrode at the same charge quantity of 500 C.
For practical devices, we prepared relatively short ITO NEs with heights around 100-150 nm in order to achieve adequate roughness while uniformly controlling the coating of a HCL. The 200-nm-thick active region was composed of a mixture of P3HT and PCBM with a weight ratio of 1:1 into 1,2-diochlorobenzene, which was spin-cast onto the PEDOT layer. The calcium and aluminum with respective thicknesses of 30 nm and 60 nm were subsequently capped by thermal evaporation at 10 −5 torr. Moreover, a reference device with a conventional ITO planar electrode ͑PE͒ was fabricated with the same process procedures at the same time. The currentvoltage characteristics of polymer-fullerene blended solar cells are plotted as a function of the ECD charge setting in Figs. 3͑a͒-3͑d͒ , which correspond to the short-circuit current density ͑J sc ͒, open-circuit voltage ͑V oc ͒, fill factor ͑FF͒, and the PCE, respectively. The cells with PEDOT on a conventional PE were first optimized with various charge settings to determine the best condition at 500 C for reference. As seen in Fig. 3͑a͒ , the photocurrent achieves over 9 mA/ cm 2 at 25 C, and gradually deteriorates, which could result from both the planarization ͑Fig. 2͒ and parasitic absorption of PEDOT. A quick estimation based on measured transmittance spectra reveals that the absorption in PEDOT at 500 C accounts for a decrease in J sc by less than 0.3 mA/ cm 2 . Therefore, the planarization of PEDOT is the dominant factor in the photocurrent reduction. By comparing the NE morphologies shown in Figs. 1͑c͒ and 1͑d͒ , the 50 C charge setting represents a critical PEDOT layer thickness, where photocurrent is still high and the NEs remain distinctive without forming a cross-linked PEDOT network. The fast growing PEDOT at large charge settings planarizes NEs with distributed porosities and voids which diminish the purpose of embedded electrodes and hinder the device performance ͑Fig. 3͒. Nevertheless, the large photo- current in Fig. 3͑a͒ suggests that the ECD can result in a thin layer of PEDOT onto ITO nanorods with low charge settings. However, as the work function of anode also varies with the HCL thickness at the beginning of deposition, 13 an extremely thin PEDOT layer may result in a Schottky barrier on the contact, which in turn increases the saturation current and the series resistance.
14,15 Therefore, the V oc and FF are relatively small at 25 C but peaked at 50 C, as seen in Figs. 3͑b͒ and 3͑c͒ , respectively. Further increasing the charge setting does not affect V oc and FF significantly, owing to the formation of Ohmic contacts. As a result, the cell with ITO NEs achieves the highest PCE of 3.02% with a charge quantity of 50 C at which the condition is much lower than the best film device at 500 C. The discrepancy in the optimized deposition condition may arise from a thicker PEDOT deposition on the NEs than on the PE with the same charge setting ͑see Ref. 16͒ for transmittance characterization͒. Overall, the J sc and PCE are, respectively, improved by 10.1% and 13.1%, compared to the film reference. It is also worth noting that the FF achieves 66.2%, which is superior to our previous device at 58.7% using a spin-casting method for the HCL. 10 The improvement is mostly attributed to the prominent particle-by-particle electropolymerization of EDOT onto the NEs, which prevent NEs from shunting the cathode while improving the contact resistance.
The 3D NEs protruded into the photoactive material provide shorter routes for hole conduction than the PE. As a result, the time it took for holes to arrive at the anode is reduced, prompting an increase in effective hole mobility with respect to the film electrode. Under the assumption, the hole and electron mobilities can be obtained from the current-voltage characteristics of unipolar devices based on a SCLC model. 17 First, the calcium top-contact was replaced by MoO 3 by thermal evaporation to make hole-only devices. Next, Cs 2 CO 3 dissolved in 2-ethoxyethanol was spin-cast onto the ITO NEs to replace PEDOT for electron-only devices. As seen in Fig. 4 , the short-circuit current density is indeed highly correlated with the ratio of the electron to hole mobility. The highest two photocurrent occurring at either 25 or 50 C are both very close to the conditions where the mobility ratio is nearly unity. When deviating from the ideal charge settings, the electron and hole mobilities are unbalanced again, leading to a potential SCLC dictated by the quarter power of the lower carrier mobility. 3 However, as seen in Fig. 3͑c͒ , the FF at 250 and 500 C are nearly the same, which eliminates the occurrence of a shunt current due to the SCLC. The photocurrent in these devices is most likely limited by the planarization and parasitic optical absorption of PEDOT. 
